We pattern permalloy films into three crossing elongated ellipses with an angle of 60 between the major axes of any pair of ellipses. Planar Hall effect measurements show that the magnetization in the area of overlap of the ellipses has six stable magnetic orientations parallel to the major axes of the three ellipses. We determine the effective anisotropy field for small magnetic deviations from the easy axis and the switching field between the easy axes as a function of magnetic field orientation. We compare our results with micromagnetic simulations and present an effective Hamiltonian that captures the magnetic response. We show how such magnetic structures in a magnetic tunnel junction would result in a magnetic memory element with six distinct resistance states that could be written using spin-orbit torques. Published by AIP Publishing. The interplay between shape and magnetic properties in small magnetic structures enables the use of patterning to tailor by design desired magnetic properties. In particular, discrete stable magnetic states have been obtained using shapes such as triangles, rings, squares, and discs. [1] [2] [3] [4] Current magnetic memory bits are mostly based on magnetic elements with a single easy axis of magnetization.
The interplay between shape and magnetic properties in small magnetic structures enables the use of patterning to tailor by design desired magnetic properties. In particular, discrete stable magnetic states have been obtained using shapes such as triangles, rings, squares, and discs. [1] [2] [3] [4] Current magnetic memory bits are mostly based on magnetic elements with a single easy axis of magnetization. 5 When such elements are used in magnetic random access memory (MRAM) devices based on magnetic tunneling junctions (MTJs), they give rise to two resistance states corresponding to parallel and anti-parallel configurations of a free and a fixed magnetic layer in the junction which can store one bit of information. One of the major challenges facing the MRAM industry is identifying novel routes for increasing the memory density. One option is to decrease the magnetic bit size, which faces intrinsic obstacles such as superparamagnetism. Another option is increasing the number of memory states per element which requires an increase of the number of stable magnetic states. This may be achieved either by using magnetic materials with an intrinsic magnetocrystalline anisotropy which gives rise to multiple easy axes 6, 7 or by using shape to induce the desired magnetic anisotropy. A big advantage of the second approach is that it can be applied to materials already widely used by the magnetic electronics industry, such as permalloy.
Here, we show that permalloy films patterned in the shape of three crossing elongated ellipses exhibit six stable magnetic states. Further, the magnetic behavior of the crossing area can be described in terms of a magnetic anisotropy with three easy axes of magnetization.
To monitor the magnetic state in the central area of our structures, we use the planar Hall effect (PHE) which yields transverse resistivity q xy in magnetic conductors in a form commonly given by
where h is the angle between the current and the magnetization which are both in the xy plane and Dq is the anisotropic magnetoresistance amplitude. 8 Using PHE measurements, we show that the magnetization in the crossing area of the ellipses has six stable magnetic orientations due to effectively three easy axes of magnetization which are parallel to the major axes of the three ellipses. These observations are consistent with micromagnetic simulations. In addition, we determine the effective anisotropy field for small magnetic deviations from the easy axis and the switching field between the easy axes as a function of magnetic field orientation. The results are consistent with solutions of an effective Hamiltonian with an in-plane six-fold symmetry. We discuss possible applications of such structures and, in particular, we show that if such structures are used as one of the magnetic electrodes in a MTJ, there would be six different resistance states instead of two in currently used MTJ-MRAM. In addition, we show micromagnetic simulations that indicate the possibility to switch such devices using spin-orbit torques (SOT).
We sputter permalloy ðNi 80 Fe 20 Þ films capped with 3 nm tantalum on undoped Si (100) substrates in a UHVEvaporation and Sputtering system (BESTEC). We pattern the crossing ellipses with e-beam High Resolution Lithography System (CRESTEC) using lift-off. Leads and contact pads are deposited in a second stage. The measurements are performed using a homemade Helmholtz coils system with a rotating sample stage having angular resolution of 0:03 . The sample is connected electrically to a current source (Keithley 6221) and a nanovoltmeter (Keithley 2182). For stabilizing the temperature, we use a Peltier plate controlled by a Lakeshore 340 temperature controller. Fig. 1 (a) shows sample 1 (see Table I ) which is in the form of three intersecting elongated ellipses. The angle between any pair of ellipses is 60
. Micromagnetic simulations with OOMMF 9 reveal that while away from the center there are two remanent magnetic orientations parallel to the long axis of the corresponding ellipse, in the center of the structure there are six distinct remanent orientations corresponding to three easy axes of magnetization parallel to the major axes of the ellipses (Figs. 1(b)-1(g)).
To probe the magnetization in the crossing area, we use PHE measurements. We drive a current between pads I þ and I À parallel to the short axis of the horizontal ellipse and measure the transverse voltage between pads V þ and V À across the same ellipse ( Fig. 1(a) ). In the way the current and voltage leads are connected to the structure, the measured PHE is sensitive mainly to the magnetic configuration in the cross area with relatively small contributions from other parts of the ellipses. Fig. 2 shows the PHE resistance R PHE , which is the measured transverse voltage divided by the current, as a function of the angle a between the applied magnetic field and the current. For each angle a, R PHE is measured with and without an applied magnetic field. We see in the remanent state three distinct plateaus associated with three easy axes of magnetization denoted EA1, EA2, and EA3 (Figs. 1(a) and 2). Relative to the current leads, the three easy axes are at 30
; 90 , and À30 . Namely, the easy axes are parallel to the major axes of the ellipses, consistent with the results of the micromagnetic simulations (Figs. 1(b)-1(g) ).
An important feature of such structures is the switching behavior, in particular the fields required for switching between remanent states. Fig. 3 presents such experiments. We prepare the pattern with the remanent magnetization in the center along EA1 (30 relative to the current) and apply a field at an angle between a ¼ 60 and a ¼ 120 . The field is increased in steps, and after each increase, the field is set back to zero to probe the PHE in its remanent state. When switching occurs, the remanent PHE switches to the value corresponding to the remanent magnetization in the center state along EA2. The figure shows sharp switchings from EA1 to EA2 and the switching field as a function of a. We note that the remanent magnetic states are thermally stable at room temperature at least for days. In addition, the error in the switching field is small and is determined by the field step used in the experiments.
Magnetic systems with three in-plane easy axes can be described by a Hamiltonian in the form of
where the K 3 term corresponds to the six-fold magnetic anisotropy and M s is the saturation magnetization. Such a term is found, for instance, in systems with a hexagonal structure. For a positive K 3 , the easy axes of magnetization are identical to EA1, EA2, and EA3. Using MATLAB, we find the angular dependence of the switching fields and fit our results to the data presented in Fig. 3 using K 3 as the only fitting parameter (see Table I ). There is excellent agreement between the fit and the measurements. We now turn to check the correspondence between the switching fields and the effective anisotropy field H K , predicted for the Hamiltonian presented in Eq. (2) to be six times larger than the smallest switching field. 10 To determine H K , we apply fields at different angles relative to the remanent magnetization. The changes in the transverse resistance are converted to changes in the magnetic orientation h. In the limit of small applied fields relative to the anisotropy field, we expect h % H ? =H K , where H ? is the component of the field perpendicular to the easy axis. For comparison, we also used OOMMF micromagnetic simulations to determine the effective anisotropy field (see values in Table I ). The OOMMF results show quite good agreement with the experimental results. Differences may be attributed to sample imperfection and uncertainty in the effective film thickness.
Using such structures as a part of a MTJ seems an attractive route for increasing the number of memory states per magnetic element. A typical MTJ device consists of two ferromagnetic layers, FM1 and FM2, separated by an insulator (Fig. 4) . In current devices, each layer has one easy axis, and the MTJ has two possible values of resistance R P and R AP corresponding to parallel and antiparallel configurations, respectively. We propose to use for FM1 an element with one easy axis and for FM2 an element with six-fold magnetic anisotropy where the axes of FM2 are rotated by 15 relative to the easy axis of FM1 (Fig. 4) . The dependence of the resistance of a MTJ on the angle b between the magnetization in the two layers is given by
where
Therefore, in such a configuration, there will be six different well distributed values of resistance corresponding to b : 15  , 75  , 135  ,  195 , 255 , and 315 (Fig. 4) , and such a MTJ would constitute a six state memory. As DR is typically on the order of kX, the separation between the six resistance values is expected to be sufficiently large for memory readout. Elements with a larger number of states may be achieved by extrapolation. For instance, OOMMF simulations indicate that a structure composed of four crossing elongated ellipses with an angle of 45 between the major axes of any two neighboring ellipses has in its center four easy axes. Using such a structure for FM2 in MTJ would thus yield an element with eight memory states, provided it is properly oriented relative to the easy axis of FM1.
For practical use of such structures, it is necessary to consider how one would write information. A promising method is to use spin-transfer torques associated with spinorbit interactions.
11-13 A current flowing in a heavy metal layer can generate a spin-polarization r that interacts with the magnetization in an adjacent ferromagnetic layer and induces magnetization reversal. FIG. 3 . The field at which the remanent state switches from EA1 state to EA2 state (H SW ) as a function of the angle a at which the field is applied for sample 1 (red diamonds), sample 2 (green circles), and sample 3 (blue squares). The lines are fits to the expected angular dependence of H SW obtained using Eq. (2). The fitting parameters K 3 for each of the samples are presented in Table I . The error bars are smaller than the symbols' size and equal to 61 Oe. Inset: The transverse resistance of sample 1 prepared in EA1 state after applying and removing a magnetic field at a ¼ 120 . To explore the possibility to switch our structures with spin orbit torques, we conducted zero temperature micromagnetic simulations (MuMax 3 (Ref. 14)) considering a spin-polarization generated by the spin-Hall effect in a tantalum layer under our structures. The SOT is given by s ¼ h 2e h SH J M s t m Â ðm Â rÞ, where h SH characterizes the charge to spin-current conversion efficiency, m is unit vector in the direction of magnetization, J is the current density, and t is the thickness of the magnetic layer. We take h SH ¼ À0:15, characteristic of b Ta, and simulate a 32 Â 256 nm 2 ellipse that is 0.5 nm thick, to match the aspect ratio of our structures. The Gilbert damping coefficient was a ¼ 0:01 and M s ¼ 8 Â 10 5 A/m, characteristic of permalloy. Our simulations demonstrate the possibility to switch between any of the six stable states. Irrespective of the initial state, a desired final state can be achieved by flowing an inplane current in the tantalum layer in a direction orthogonal to the average magnetization of the final state (see Fig. 5 ). We note that multiple (>2) contacts to the spin-Hall material (Ta in the case we are considering) would need to be included to permit the in-plane current direction to be varied. We considered switching where the average magnetization rotates by 6p=3; 62p=3, and 6p. We found reliable switching for pulse amplitudes greater than 46 MA/cm 2 and durations of 5 ns. We note for a single ellipse, the critical current for anti-damping switching in a macrospin model is J c0 ¼ eal 0 M 2 s =ð hh SH Þ, which is $4 MA/cm 2 for our simulation parameters. Our three ellipse structure has a switching current that is about one order of magnitude larger than this. We associate this increase with the fact that there are three ellipses and that the spin-polarization angle varies between the axes of the ellipses, which reduces the average antidamping component of the spin-torque.
In summary, we have fabricated magnetic structures of permalloy with six stable remanent magnetic states and demonstrated sharp field-induced switching between the states. Micromagnetic simulations and solutions of an effective Hamiltonian are consistent with our results. Possible applications for magnetic memory devices have been discussed, including the use of SOT for writing information. FIG. 5 . A pulse of charge current J in an underlying heavy metal with a positive spin Hall ratio generates a spin polarization r, which can induce switching of the six-fold ellipse shaped magnet to the spin configuration shown. To switch into this spin configuration using a heavy metal with a negative spin Hall ratio, such as b-Ta, the charge current direction would be reversed.
